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a b s t r a c t

The refining process in the petrochemical industry generates oil refinery sludges, a potentially contam-
inating waste product, with a high content of hydrocarbons and heavy metals. Faster degradation of
hydrocarbons has been reported in vegetated soils than in non-vegetated soils, but the impact of these
contaminants on the plants physiology and on their antioxidant system is not well known. In this study,
eywords:
lfalfa
ntioxidants
omoglutathione
il refinery sludge
xidative stress

the effect of the addition of petroleum sludge to soil on the physiological parameters, nutrient con-
tents, and oxidative and antioxidant status in alfalfa was investigated. An inhibition of alfalfa growth and
an induction of oxidative stress, as indicated by an increase in protein oxidation, were found. Also, the
superoxide dismutase isoenzymes, peroxidase, and those enzymes involved in the ascorbate–glutathione
cycle showed significant activity increases, parallel to an enhancement of total homoglutathione, allowing
plants being tolerant to this situation. This information is necessary to establish successful and sustainable
plant-based remediation strategies.
. Introduction

The regulations to prevent further undue release of hazardous
hemicals into the environment have become stricter over the
ears, and many countries have started to adopt a tighter line
n environmental issues. The currently available decontamination
ethods are expensive, partially due to the cost of excavating

nd transporting large quantities of contaminated materials for
x situ treatment, such as chemical inactivation or thermal degra-
ation. Because of this and their low-cost, low maintenance, and
nvironmental friendliness, there is an increasing interest in alter-
ative technologies for in situ applications, in particular those based
n biological remediation capability of plants and microorgan-
sms [1]. Phytoremediation may be defined as the use of plants
o remove, destroy or sequester hazardous substances from soil
nvironment, and it can be applied to both organic and inorganic
ollutants, present in soil substrates, liquid substrates, and air [2].
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Its main application has been to remove toxic heavy metals form soil
[3]. However, there is a growing interest in broadening this tech-
nology to remove/degrade organic pollutants in the environment
[4].

The petrochemical industry generates a series of liquid efflu-
ents during the refining process which must be treated through
depuration processes. The results of these processes are oil refin-
ery sludges, potentially a waste product, that have a high content
of petroleum-derived hydrocarbons [5]. Organic contaminants
can be stabilized within a soil matrix, taken up by plants and
transformed or stored in a non-phytotoxic form. Plants can also
stimulate the rhizosphere microbial community that is capable
of degrading organic contaminants [6]. Thus, faster degrada-
tion of petroleum polycyclic aromatic hydrocarbons (PAHs) has
been reported in vegetated soils than in non-vegetated soils, and
this has been mediated by root-associated microorganisms [7].
However, it is not completely understood how specific plants
increase the remediation of contaminated soils. Kirk et al. [8]
showed that alfalfa seems to specifically increase the number of

microorganisms capable of degrading complex petroleum hydro-
carbons, and in several studies, alfalfa and other plants bearing an
abundant root system have been shown to phytoremediate or tol-
erate several aromatic compounds like phenol, benzene and PAHs
[9].
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Information on the impact of these contaminants on the plant
hysiology is quite scarce. Considering that the plant physiologi-
al status may directly affect the plant detoxification capacity, it
s necessary to assess the effect of the target compound on the
lant system. Plants are known to have the ability to respond
nd adapt to a variety of biotic and abiotic stresses. In soils pol-
uted with organic chemicals, plants may experience a combined
tress from nutritional deficiency and chemical toxicity. Reac-
ive oxygen species (ROS) such as the superoxide radical (O2

•−),
2O2, and hydroxyl radical (•OH), are generated as by-products
f normal metabolism in different subcellular compartments. Fur-
hermore, the imposition of biotic or abiotic stress may give rise to
n excessive concentration of ROS, resulting in oxidative damage
t cellular level that can be mitigated and repaired by a com-
lex antioxidant system. On the other hand, plants use ROS as
econd messenger in many signal transduction cascades and thus
OS accumulation is crucial to plant development and defence. For
hese reasons the plant antioxidant defence network is important
n controlling the life-time of the ROS signals and in preventing
ncontrolled oxidation [10–12]. The metalloenzyme superoxide
ismutase (SOD), is the major O2

•− scavenger and its enzymatic
ction leads to H2O2 and O2 formation. H2O2 is eliminated by cata-
ase (CAT), by several classes of peroxidases and, by the action of the
scorbate–glutathione cycle, which includes ascorbate peroxidase
APX), monodehydroascorbate reductase (MDHAR), dehydroascor-
ate reductase (DHAR), and glutathione reductase (GR) [13,14].
lutathione (GSH) and ascorbate (ASC) are crucial for plant defence
gainst oxidative stress. ASC is a small, water-soluble antioxidant
olecule, used as substrate for APX which then catalyses the H2O2

etoxification. ASC also acts directly to eliminate superoxide rad-
cals and 1O2, acting as a secondary antioxidant during reductive
ecycling of the oxidized form of tocopherol. Oxidized ascorbate
s reduced by MDHAR and DHAR, using NADH and GSH respec-
ively as the reducing substrates. Oxidized glutathione (GSSG) is
hen reduced by GR using NADPH as co-factor, closing the cycle
nd functioning to prevent the accumulation of H2O2. The tripep-
ide glutathione (GSH; �Glu-Cys-Gly) is the major non-protein thiol
n most animals, plants, and prokaryotes, and is involved in many
ital functions of plants, in the transport and the storage of reduced
ulphur [15], in the detoxification of xenobiotics via glutathione-
-transferase [16], in the protection against heavy metals as a
recursor in the synthesis of phytochelatins [17], in the scavenging
f active oxygen species by the ASC–GSH cycle, and in the regula-
ion of the redox homeostasis of the cell. Another thiol tripeptide,
omoglutathione (hGSH; �Glu-Cys-�Ala), is present in nodules and
ther organs of some legume species in addition to or in place of
SH (�Glu-Cys-Gly) [18] and may share with it some antioxidative
nd regulatory properties [19].

The antioxidant system and its significance for the acclimation of
lants to air pollution and climatic stresses has been reviewed fre-
uently [20], although little is known about the effects of petroleum
ludge stress on the growth and on the antioxidative system in
lant, since these growth conditions may produce some oxida-
ive effects in these plants. The effect of petroleum sludge mixed
ith soil, on the growth and mineral content of alfalfa plants was

nvestigated in this study. In addition, the levels of lipid peroxida-
ion and protein oxidation as well as the antioxidant contents and
ntioxidant enzyme activity of alfalfa leaves were also analyzed.
lfalfa plants were selected based on previous research showing

heir phytoremediation potential and their ability to germinate
nd grow in a petroleum-contaminated soil [21]. The information

esulting from this study may help to understand better the mecha-
isms involved in the observed acclimatization of these leguminous
lants to growth in soils with high content of this type of organic
ollutants and so establish successful and sustainable plant-based
emediation strategies.
Materials 171 (2009) 879–885

2. Material and methods

2.1. Material

The organic material consisted of a sludge generated in an
oil refinery (REPSOL-YPF) in SE Spain, which has a very high
hydrocarbon content, about 336 ± 10 g kg−1 and presents similar
characteristics to that described by Marín et al. [22]. This sludge was
mixed with soil to give a proportion of 4–5% hydrocarbons, the best
one for degradation processes [5]. Duplicated plots were designed
for the different treatments in Cartagena, Murcia (SE Spain), near
the refinery. Plots of 3 m × 3 m were prepared for soil (control) and
soil mixed with sludge (+sludge). The plant material used was alfalfa
(Medicago sativa L.) seeds, which were purchased from the local
market (Ramiro Arnedo S.A.) and were spread onto the plots (90 g
of seeds per plot).

2.2. Sample processing

Soil samples from different places of each plot were bulked,
mixed, air dried and sieved through 10-mm screen. The soil sample
was placed in polyethylene bags, closed and stored at 4 ◦C prior to
analysis. Plants were harvested after nine weeks of growing. Plant
growth was determined by measuring fresh weight of the root and
the aerial part, and length of shoots and roots. 12 plants per plot
were randomly collected and rapidly frozen with liquid nitrogen
and stored at −80 ◦C until analysis.

2.3. Analysis of mineral content

Dried plant material and soils with and without sludge were
used to measure the mineral content as described in Marín et al.
[22]. P was determined by colorimetry and K, Ca, Mg and heavy
metals by atomic absorption. Total organic C and total N were deter-
mined by elemental analyzer. Total petroleum hydrocarbon content
was measured by the infrared EPA method no. 8440 [23].

2.4. Lipid peroxidation and protein oxidation

The extent of lipid peroxidation in leaves was estimated by deter-
mining the concentration of thiobarbituric acid reactive substances
(TBARS) [24]. Protein oxidation (carbonyl protein content) was mea-
sured by reaction with 2,4-dinitrophenylhydrazine, as described by
Levine et al. [25].

2.5. Leaf enzyme extraction

The leaf tissue was homogenized according to Camejo et al. [26].
For APX activity, sodium ascorbate (20 mM) was included and EDTA
was omitted in the extraction buffer, which consisted of 50 mM
Hepes–NaOH (pH 7.0). Protein was measured by the protein dye-
binding method of Bradford [27] using bovine serum albumin as
standard.

2.6. Enzyme activity assays

Total peroxidase (POD) (EC 1.11.1.7) was analyzed as described
by Ranieri et al. [28]. Ascorbate peroxidase (EC 1.11.1.11), monode-
hydroascorbate reductase (EC 1.6.5.4), dehydroascorbate reductase
(EC 1.8.5.1), glutathione reductase (EC 1.6.4.2), and superoxide dis-

mutase (EC 1.15.1.1) activities were assayed according to previously
published protocols by Jiménez et al. [29]. Enzyme activities were
corrected for non-enzymatic rates and for interfering oxidations.
To separate and identify SOD isoenzymes, non-denaturing PAGE
and isoelectrofocusing were performed like previously described
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Table 1
Nutrient content in soil.

Control +Sludge

C

g 100 g−1

1.2 2.5
N 0.16 0.27
K 0.71 0.59
Ca 13.5 13.3
Mg 1.1 1.0

P

mg kg−1

712.3 875.9
Fe 12.1 15.0
Mn 251.8 253.1
Cu 26.3 40.6
Zn 44.9 150.6
M.C. Martí et al. / Journal of Haz

amejo et al. [26]. The isoenzymes activities were quantified on an
mage analyzer (Gen Tools, Syngene).

.7. Determination of glutathione and related compounds

Leaf tissue extraction and analysis by liquid chromatography–
lectrospray/mass spectrometry were performed as described by
ellán-Álvarez et al. [30] to determine reduced and oxidized GSH
nd hGSH. Briefly, plant tissue (100–500 mg) was ground with mor-
ar and pestle in liquid N2. Labelled GSH ([glycine 1,2-13C,15N]GSH)
as added at the moment of sample grinding. The dry powder
as homogenized with cold extraction solution (5% (w/v) m-
hosphoric acid and 1 mM EDTA in 0.1% formic acid), supplemented
ith 1% (m/v) polyvinyl-polypyrrolidone (PVPP) just before use.
omogenates were centrifuged at 15 000 × g for 20 min at 4 ◦C and

upernatants were filtered through 0.22-�m polyvinylidene fluo-
ide filters, frozen in liquid N2 and stored at −80 ◦C until analysis.
nalyses were carried out with a BioTOF II (Bruker Daltonics, Biller-

ca, MA, USA) coaxial multipass time-of-flight mass spectrometer
MS(TOF)) equipped with an Apollo electrospray ionization source
ESI) and coupled to a Waters Alliance 2795 HPLC system (Waters,

ilford, MA, USA).

.8. Determination of ascorbate and dehydroascorbate

Ascorbate was extracted from leaf tissue using 10% m-
hosphoric acid and incubating with ice in the dark for 30 min.
he mixture was diluted with distilled water to give a final con-
entration of 5% m-phosphoric acid and centrifuged at 15 000 × g
or 10 min. ASC and dehydroascorbate (DHA) in the supernatant

ere determined immediately by HPLC. DHA was quantified by
ncubating the samples for 24 h at room temperatures with 1 mM
ithiothreitol (DTT). The DHA concentration was measured as ASC
fter rechromatography [31].

.9. Statistical analysis

The experiment was conducted in a completely randomized
esign. Soil nutrients and nutrient content in plants are the mean of
t least three replicates and plant growth results are the means of
2 replicates per treatment (six per plot). The rest of the parameters
re the mean of six independent replicates of each plant treatment
three per plot). Data were analyzed and compared by the Student’s
-test.

. Results and discussion

.1. Nutrient content of soil

The sludge used in this work comes from the refinery of REPSOL-
PF in Murcia (Spain) and is characterised by a high hydrocarbons
ontent (336 ± 10 g kg−1), and is therefore similar to that used by
arín et al. [5]. Phenol is one of the main organic compounds in

he sludge, which also contains high amounts of Zn, Pb, Ni, Cu, and
r although they are under the limits established by the EU legis-

ation for the use of sewage sludge in agriculture [32]. All of them
ave been described as being able to induce oxidative stress and
ifferent harmful effects on plant metabolism depending on their
oncentrations [33]. The soil, in which the experiment was carried
ut, is poor in organic matter and nutrients and has a metal con-
ent that reflects its proximity to a mining area [5]. These authors

escribed the bioremediation of the oil refinery sludge by land-

arming, studying its influence on the soil microbial activity. In this
tudy, it was reported that 80% of biodegradation of hydrocarbons
resented in the oil sludge occurred in 11 months, and half of this
eduction took place in the first three months. For this reason, we
Cd <2.5 <2.5
Pb 5.3 15.5
Ni 16.2 35.3
Cr 6.4 14.0

have chosen this moment (three months) to sow the alfalfa seeds.
Plants were taken nine weeks later, when the growth period was
sufficient to reflect the degree of their acclimatization.

Results from the macronutrients, micronutrients and heavy-
metals analysis, verified that the soil in the plots with sludge
contained hydrocarbons in a proportion of around 4% and elevated
contents of P, Zn, Cu, Pb, Ni, and Cr when compared with the con-
trol soil (Table 1), although the heavy-metals content in these soil
was within the normal range found in different soils [34]. Zinc was
the highest-polluting element in the sludge, with available zinc in
soil with sludge at 150.6 mg kg−1, which was inside the toxic range
for plants (70–400 mg kg−1) [35]. Copper was another polluting ele-
ment in the oil refinery sludge, with a concentration of 40.6 mg kg−1

when it was mixed with soil, which was above the median of normal
soil but was out of the toxic range for plants (60–125 mg kg−1) [35].
Lead is a toxic heavy metal that causes numerous health problems
and its excess in soils is a major concern in industrialized countries.
Pb concentration was found to increase around 3-fold in soils with
added sludge from the refinery, although the final concentration
(15.5 mg kg−1) was under the accepted threshold (100 mg kg−1) for
toxic effects in plants [35]. Nickel and chrome in the sludge were
also high but in the mixture they were below established toxicity
levels in soil for plants (100 mg kg−1 for Ni and 75 mg kg−1 for Cr)
[35]. Cadmium was not a polluting element in the sludge. The degra-
dation of complex mixtures of contaminants like those present in
the petroleum hydrocarbons is quite difficult, although there are
examples in the literature reporting that the disappearance of sev-
eral PAHs is faster in soils planted with a mixture of prairie grasses
or ryegrass than in unvegetated soils [36]. In our work, the presence
of alfalfa in the sludge contaminated soils did not modify the total
carbon content in the soil (data not shown) when compared with
a contaminated soil without plants, indicating that alfalfa at this
time probably did not affect the hydrocarbon degradation. Alfalfa
plants have been reported to decrease the phenanthrene concentra-
tion in soils [37] but other reports describe that of twenty genotypes
evaluated, only two resulted in a decrease in total petroleum hydro-
carbon concentration in soil after 12 months [38], so the heritability
of phytoremediation for alfalfa needs further investigation.

3.2. Physiological parameters and nutrients content in alfalfa
plants

Biological remediation is often slower than physical or chemical
degradation, and this is particularly evident in the case of plants,

where the growth is dependent on environmental factors. Many
plant species have been chosen to clean up contaminated soils but
it is very important to determine the toxicity of the contaminants
towards the plant before starting a phytoremediation project. In
order to provide the vegetable cover and to create an adequate rhi-
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Table 2
Influence of petroleum sludge on plant development. Values are mean ± SE, n = 12.
Differences are significant at level p < 0.05 (*), p < 0.01 (**).

Control +Sludge

Aerial Fwt (g) 8.9 ± 1.8 6.5 ± 1.2
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Table 4
Petroleum sludge effects on lipid peroxidation and protein oxidation in alfalfa leaves.
Values are mean ± SE, n ≥ 6. Differences are significant at level p < 0.05 (*).

proteins was found in leaves of alfalfa plants grown in the pres-
oot Fwt (g) 1.9 ± 0.4 1.5 ± 0.2
hoot length (cm) 52.7 ± 2.1 33.6 ± 0.9*
oot length (cm) 26.4 ± 3.5 16.4 ± 0.9**

osphere for the microbial community, alfalfa plant was chosen for
roviding a very cheap and abundant biomass and for its good char-
cteristics of culture: few soil and climatic requirements and good
esistance to adverse climatic conditions, growing easily in semiarid
egions as the SE Spain.

Alfalfa germination has been reported to be retarded in presence
f 100 mg kg−1 of diesel [39], and in our experiment, the percentage
f germination decreased about 15% when compared with control
oil. The presence of sludge also affected growth of alfalfa plants
Table 2), with the shoot and root length being significantly higher,
bout 1.6-fold, in control soil. The fresh weight of aerial part and
oots were also diminished by the presence of sludge but in a
on-significant way. Similarly, Kirk et al. [8] showed that alfalfa ger-
inated in petroleum-contaminated soil but growth was stressed

nd stunted as has been shown in Astragalus adsurgens [40]. The
esults on the growth response obtained in our experiment, indi-
ated that alfalfa plants are a good choice to develop remediation
ssays, since although growth was affected, the plants appeared
ealthy and continued their normal development.

The analysis of the nutrient content in plants (Table 3) showed
hat the concentration of macronutrients in roots, shoots and leaves
f plants grown in both, control and contaminated soils was simi-

ar, except for K and Na in root and P in shoot and root, which were
resent in higher concentrations; 1.8-fold, 2.3-fold, and 1.7-fold,
espectively, in plants grown in contaminated soil. Although essen-
ial for plant metabolism, micronutrients can produce toxic effects if
hey reach very high concentrations in the plant tissues. The addi-
ion of sludge to soil increased the concentration of Mn 1.8-fold
n shoot and 1.2-fold in leaves, while Fe increased only 1.2-fold in
eaves and decreased in roots and shoots. Zn, which was the highest-
olluting element in the sludge, increased its concentration 1.9-fold

n shoot and 1.6-fold in leaves and root, although plant Zn concen-
ration was within the normal range in plants [34]. These results

ndicated that Zn was the most mobile element in terms of translo-
ation within plant tissues, as previously described by Benzarti et
l. [41] for alfalfa plants grown in nutrient solution with added Cd,
n, and Cu. These authors also showed that plant growth was signif-

Table 3
Influence of petroleum sludge on plant nutrient concentration and heavy-

Leaves Ro

Control +Sludge Co

C

g 100 g−1

51.0 52.0 5
N 5.6 5.9
K 0.77 0.86
Ca 1.01 0.83
Mg 0.13 0.13
P 0.12 0.14
Na 0.14 0.15

Ni

mg kg−1

6.1 5.7
Cu 8.0 7.5
Zn 19.5 31.2 1
Fe 156.4 182.7 24
Mn 26.0 31.5
Cd <0.3 <0.3 <
Pb <1.0 <1.0
Cr <5.0 <5.0 <
Control +Sludge

Lipid peroxidation (�mol ml−1) 193.0 ± 4.7 149.5 ± 18.7
Protein oxidation (nmol mg−1 prot) 11.3 ± 0.9 22.3 ± 2.0*

icantly affected by metal concentration elevation in the solutions,
with Zn being the less phytotoxic metal. In spite of their increased
concentration in soil with sludge, Cu, Ni, and Cr did not change
their accumulation tendency in presence of sludge, and their lev-
els were below the phytotoxic concentration in plants. The alfalfa
plants presented low Pb concentration in leaves, shoots, and roots
(<5 mg kg−1) which were far below the suggested toxicity level for
livestock (30 mg kg−1). Pb is considered to have low availability for
plant uptake and alfalfa is not considered a heavy-metal hyperaccu-
mulating species but some interesting experiments using EDTA and
some phytohormones in combination with Pb have shown that Pb
increased its concentration in the alfalfa leaves [42], demonstrating
that a non-hyperaccumulating plant like alfalfa could accumulate
Pb in adequate conditions.

3.3. Oxidative stress and antioxidants in alfalfa leaves

Evidence accumulated from different plant systems show that
they are able to respond to increased ROS with enhanced syn-
thesis or activity of some antioxidant enzymes that could partly
counteract their accumulation. However, this increased antioxidant
capacity is not always produced, and the intensity of response is
dependent on the plant species and tissue analyzed, the stressor
and the intensity of the stress. It has been frequently reported that
exposure of plants to excess concentration of some heavy metals,
usually results in oxidative injury and in modifications of some
components of the antioxidant systems [43,44]. However, little is
known about the simultaneous effect of sludge on plant develop-
ment and on the response of its antioxidants.

Protein carbonylation is an irreversible oxidative process leading
to a loss of function and often proteolysis of the modified proteins.
Analysis of protein oxidation is an approach to reflect oxidative
stress and damage caused to cells during different environmental
stresses. Significant increase (about 2-fold) in the level of oxidized
ence of petroleum sludge. By contrast, the level of another oxidative
process, lipid peroxidation, did not change significantly (Table 4),
indicating that proteins were more susceptible to the oxidative
modifications than lipids in alfalfa under these growth conditions.

metals content.

ots Shoots

ntrol +Sludge Control +Sludge

5.4 55.3 52.9 53.2
2.6 2.6 2.0 2.1
0.57 1.03 1.08 0.92
0.15 0.22 0.34 0.23
0.09 0.09 0.10 0.08
0.06 0.10 0.06 0.11
0.07 0.16 0.08 0.12

4.9 5.5 6.5 6.5
8.1 7.5 7.1 6.5
4.5 25.5 11.1 21.0
8.4 213.9 120.9 80.2
8.5 7.0 3.0 5.5
0.3 <0.3 <0.3 <0.3
2.1 2.3 2.7 <1.0
5.0 <5.0 <5.0 <5.0
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lent chemical structure, which points to similar functions in plants
ig. 1. Changes in superoxide dismutase (SOD) activity (U mg−1 protein) of alfalfa
ean ± SE, n ≥ 6. Differences are significant at level p < 0.001 (***).

his pattern is similar to that previously described by Escuredo et al.
45] and Gogorcena et al. [46] in legume nodules induced to senesce
y exposure to nitrate or darkness.

SOD specific activity was measured in leaves of alfalfa plants,
nd it was found to increase in the presence of sludge (Fig. 1a).
he analysis of the SOD isoenzymes, allowed to detect five dif-
erent isoenzymes in leaves extracts: a slow moving Mn-SOD, a
e-SOD, and three Cu, Zn-SODs, as was described by McKersie et
l. [47] in alfalfa. Interestingly, in plants grown in the presence
f sludge, an induction in the activity of all the SOD isoenzymes
as produced (Fig. 1b), that could be favoured by the elevated con-

entrations of Zn, Fe, and Mn found in leaves. Similar to that, the
nduction of a Mn-SOD in leaves of pea plants grown under high
utrient levels of Zn and Mn has been reported [43]. SOD induction
as been widely described in different plant species in response to
eavy-metal stress [12,48], however the effects on SOD activity in
lants depend on the species, tissue and experimental conditions.

ncreased SOD activity has a number of other physiological effects.
part from preventing superoxide accumulation, it is expected to
nhance the H2O2 content thus a balance between its production
nd elimination must exit to avoid increased ROS oxidative damage.
n this sense, the observed induction of SOD activity ran parallel to

significant increase in the specific activity involved in the H2O2
limination through POD, but not in the APX activity, which did not
hange significantly (Table 5). The POD level and isoenzyme pat-
ern can be altered by environmental stresses, so this activity has
een used as non-specific biomarker of environmental pollution
49]. Increased peroxidase levels, together with its role in perox-
dation protection may also be involved in the detoxification of
henol through its immobilization or the formation of insoluble
olymers and in this sense, Flocco et al. [33] showed that the activ-

ty of soluble peroxidases of alfalfa roots increased in the presence
f 100 mg l−1 of phenol in hydroponic culture, while this parame-
er and its removal capacity were negatively affected in the case of
lants exposed to 500 mg l−1. The increase on POD activity found
n alfalfa plants grown in presence of sludge would respond to the
evel of phenol presented in the sludges.

As found for the SOD isoenzymes and POD, the activity of all
he enzymes involved in the ASC–GSH cycle showed significant
ncreases in leaves of plants grown in presence of sludge (Table 5),

able 5
hanges in ascorbate–glutathione cycle enzymes activity (nmol mg−1 protein) in
lfalfa leaves, in response to petroleum sludge. Values are mean ± SE, n ≥ 6. Differ-
nces are significant at level p < 0.01 (**).

Control +Sludge

OD 381 ± 7.0 445 ± 13.7**
PX 154.8 ± 44.7 105.4 ± 20.0
DHAR 115.8 ± 3.8 143.9 ± 7.1**
HAR 28.5 ± 2.9 41.0 ± 1.8**
R 26.3 ± 0.8 42.2 ± 3.4**
s in response to petroleum sludge. (a) Total SOD, (b) SOD isoenzymes. Values are

which indicates that under this condition the cellular capacity to
maintain cellular ASC and GLU pools in their reduced forms through
this pathway was not limited. This coordinated increase in the activ-
ities was also found by Prasad et al. [50] in shoots of seedlings
of Brassica juncea raised in the presence of toxic levels of zinc,
similar to that occurring in our experiment conditions. A similar
coordinated induction in the activity of the different antioxida-
tive enzymes has been reported to be important in the tolerance
to different abiotic stress conditions [26,51,10].

Ascorbate and glutathione are key non-enzymatic antioxidants
in plants. They are involved in the ASC–GSH cycle, an important part
of the H2O2 detoxification pathway [52,14] and they also function
as independent redox signalling molecules. Both compounds make
up the major redox buffer in the plant cell, and there are consider-
able evidence for the central importance of ASC in plant biology,
with roles in hormone synthesis, gene expression, cell division,
growth, and apoptosis [53]. When the ascorbate content was ana-
lyzed, we found that the total concentration was similar in leaves
from plants grown in both types of soils (Table 6). Interestingly,
the ASC/DHA ratio was increased in plants grown in soils contami-
nated with sludge (Table 6), due to a decreased in their DHA, which
agrees well with the enhancement of MDHAR, DHAR, and GR activ-
ities found in these plants. The maintenance of total ascorbate level
(Table 6) indicates that its content is determined by the relative rate
of synthesis and degradation, which under these growth conditions
seems to be compensated. These results on ASC/DHA ratio and ASC
level may favour that under these conditions there was not a higher
oxidative stress.

Like ASC, GSH is a multifunctional compound with important
functions outside the antioxidant system [13]. In this study, we
found that total glutathione level was similar in both plants and
that the GSH/GSSG ratio was not affected (Table 6). On the other
hand, together with GSH, some legume species contain an homolog
thiol tripeptide, the hGSH. All these compounds share an equiva-
[54]. In this work we have observed that hGSH in alfalfa leaves
was more abundant (about 50-fold higher) than GSH, as previously
described by Matamoros et al. [18]. When the homoglutathione

Table 6
Changes in the non-enzymatic antioxidants ascorbate (ASC), glutathione (GSH), and
derivatives of alfalfa leaves in response to petroleum sludge. Values are mean ± SE,
n ≥ 6.

Control +Sludge

ASC
�g g−1 Fwt

176.1 ± 17.6 185.8 ± 9.9
DHA 26.0 ± 2.9 18.7 ± 2.0

GSH

nmol g−1 Fwt

8.4 ± 1.7 8.0 ± 2.3
GSSG 2.0 ± 0.2 1.7 ± 0.2
hGSH 449.6 ± 14.6 501.3 ± 26.7
hGSSG 26.2 ± 3.9 40.3 ± 8.1
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ontent was analyzed, we found that the total concentration was
igher in plant leaves grown in presence of sludge (Table 6) show-

ng that the synthesis of homoglutathione was induced in the
resence of the contaminant. Also, there was a non-significant
hange in the hGSH/hGSSG ratio, thus the plants grown in contam-
nated soils showed a lower ratio than plants grown in control soils
Table 6), which indicates an hGSSG accumulation probably because
he induced GR activity is insufficient to maintain the homoglu-
athione pool in its reduced form under these conditions. Thus, it is
lear that in spite of the activation of hGSH synthesis, the accumu-
ation of hGSSG reflects its higher sensitivity to be oxidized under
hese conditions. The preferential oxidation of GSH, in comparison
o ASC is in line with the GSH redox couple having a lower redox
otential than the ASC [52]. The highly reduced glutathione pool
aintained by GR is necessary for active protein function and avoids

nspecific formation of mixed disulphide bonds that cause protein
nactivation or aggregation. Although the hGSH level increased in
lfalfa plants, a rapid ROS mediated oxidation of hGSH could take
lace in leaves during sludge growth conditions, so the oxidation
bserved in leaves proteins under sludge might be favoured by the

ow hGSH/hGSSG found in these plants. However, an important
ipid peroxidation increase was not found, by which we interpreted
his response to mean that the ASC–GSH cycle plays an impor-
ant role in the elimination of H2O2 in plants under these growth
onditions, which may favour plants grown on sludge not pre-
enting a higher important oxidative stress. Apart from the well
ocumented roles of antioxidative enzymes and antioxidants in
emoving H2O2 and other ROS, the importance of glutathione sys-
em in relation to others components of the photoprotective and
ntioxidative defence system should be taken into account. There
s a strong interaction between oxidants and antioxidants at the
evel of gene expression and translation. This implies that there
s considerable overlap in the signal transduction cascades that
nduce GSH synthesis and those involved in defence functions that
se GSH, such as glutathione-S-transferases (GST) whose primary
iochemical function is conjugation, either of xenobiotics or of

ntermediates and secondary metabolites [55]. On the other hand,
he increased demand for GSH in response to metal-induced oxida-
ive stress can be accounted for by activation of pathways involved
n sulphur assimilation and cysteine biosynthesis [56]. Plants also
ontain heavy-metal-binding peptides termed phytochelatins (PCs)
or homo-phytochelatins (h-PC) in leguminous) whose chemical
tructure suggests that they are not formed as direct results of
xpression of a metal tolerance gene, but rather as a products of
biosynthetic pathway, with GSH (or hGSH) being the most likely
recursor [17,57]. Pb2+ and Zn2+ whose concentrations increased in
ludge, have been reported to be two of the most active metals ions
n provoking PC synthesis in plants when exposing plant cells at
on-toxic concentrations [58].

. Conclusions

The presence of sludge in soil induces in alfalfa plants an oxida-
ive stress, as indicated by an increase in protein oxidation, with the
lfalfa plants being tolerant to this situation. The oxidative stress
ould be provoked by the direct toxicity of the petroleum sludge
n the soil and/or a result of the contaminant properties that alter
he physical and chemical properties of the soil, potentially affect-
ng oxygen transfer, available water uptake, and nutrient mobility.
ur data support the idea that contaminants from the petroleum

ludge can be used to establish a vegetated cover, and the increased

olerance in plants to the presence of this hazardous material
an be achieved through increased tolerance of oxidative stress,
nhancing antioxidant enzyme activity and avoiding significant
ludge-induced oxidation of their ascorbate and (homo)glutathione
ools.
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